Replication-dependent histone mRNAs end in a highly conserved 26-nt stem-loop structure. The stem-loop binding protein (SLBP), an evolutionarily conserved protein with no known homologs, interacts with the stem-loop in both the nucleus and cytoplasm and mediates nuclear-cytoplasmic transport as well as 39-end processing of the pre-mRNA by the U7 snRNP. Here, we examined the affinity and specificity of the SLBP-RNA interaction. Nitrocellulose filter-binding experiments showed that the apparent equilibrium dissociation constant (K d ) between purified SLBP and the stemloop RNA is 1.5 nM. Binding studies with a series of stem-loop variants demonstrated that conserved residues in the stem and loop, as well as the 59 and 39 flanking regions, are required for efficient protein recognition. Deletion analysis showed that 3 nt 59 of the stem and 1 nt 39 of the stem contribute to the binding energy. These data reveal that the high affinity complex between SLBP and the RNA involves sequence-specific contacts to the loop and the top of the stem, as well the base of the stem and its immediate flanking sequences. Together, these results suggest a novel mode of protein-RNA recognition that forms the core of a ribonucleoprotein complex central to the regulation of histone gene expression.
INTRODUCTION
Most eukaryotic mRNAs are polyadenylated at their 39 ends, providing a binding site for several nuclear and cytoplasmic protein factors+ These factors control the transport of mRNA from the nucleus, targeting to polyribosomes for translation, and regulation of message stability+ The replication-dependent histone mRNAs are the only RNA polymerase II transcripts that lack this poly(A) tail+ Instead, the histone pre-mRNAs contain two highly conserved regions at their 39 terminus: a 26-nt stem-loop structure followed by a purine-rich sequence known as the histone downstream element (HDE; Birnstiel et al+, 1985; Marzluff, 1992 )+ These premRNAs are processed in the nucleus by a single endonucleolytic cleavage approximately 5 nt downstream of the stem-loop, catalyzed by the U7 snRNP through base pairing of the U7 snRNA with the HDE (Gick et al+, 1986 )+ After processing, the mature messages are exported from the nucleus to the cytoplasm, where they are targeted to polyribosomes and translated (Fig+ 1; Eckner et al+, 1991; Sun et al+, 1992; Williams et al+, 1994 )+ These events are tightly coupled to the cell cycle, resulting in high histone mRNA levels immediately preceding DNA replication+ This posttranscriptional regulation is responsible for the majority of the cell-cycle dependent control of histone mRNA levels (Schumperli, 1986; Marzluff & Pandey, 1988; Harris et al+, 1991) + The stem-loop binding protein (SLBP), a 32-kDa protein with no known homologs, is associated with the stem-loop at the 39 end of the histone messages in both the nucleus and cytoplasm of higher eukaryotes (Fig+ 1; Mowry et al+, 1989; Vasserot et al+, 1989; Pandey et al+, 1991; Hanson et al+, 1996; Martin et al+, 1997) + SLBP levels are cell-cycle regulated, being highest during S-phase when histone mRNA levels are increased (Whitfield et al+, 2000) + SLBP is necessary for efficient 39 end processing of histone pre-mRNA by the U7 snRNP (Streit et al+, 1993; Dominski et al+, 1995) + In addition, mutations in the stem-loop that disrupt formation of the SLBP-RNA complex result in the retention of the mRNA in the nucleus and failure to target to polyribosomes (Sun et al+, 1992; Williams et al+, 1994 )+ These same mutations also disrupt the cell-cycle dependent regulation of histone mRNA stability (Pandey & Marzluff, 1987 ; Harris et al+, 1991)+ Through these mecha-nisms, it is believed that formation and maintenance of the SLBP-RNA complex contributes to the cell-cycle regulation of histone levels in higher eukaryotes+ Formation of the SLBP-histone mRNA complex has been previously studied using competition assays in nuclear extract (Williams & Marzluff, 1995 )+ This work FIGURE 1. SLBP associates with the histone mRNA in the nucleus and cytoplasm+ A: The role of SLBP in the life cycle of replication-dependent histone mRNAs+ The pre-mRNA contains two conserved elements in the 39 UTR: a 26-nt stem-loop structure and the purine-rich HDE (box) that base-pairs with the U7 snRNA+ SLBP is required for efficient 39 end processing of the pre-mRNA by the U7 snRNP, as well as transport from the nucleus and targeting to polyribosomes+ B: RNA constructs used to determine the affinity of SLBP for the 39 UTR of the histone pre-mRNA+ SL-H2A is derived from the 39 UTR of the mouse H2A-614 pre-mRNA+ The conserved 26-nt stem-loop structure is in bold and the regions of the HDE proposed to base pair with the mouse U7 snRNA are underlined+ SLWT corresponds to the conserved 26-nt stem-loop structure+ implicated several nucleotides both upstream and downstream of the stem, as well as the conserved sequence of the stem itself, in recognition by SLBP+ Other work, however, suggested that SLBP may not directly recognize the flanking region downstream of the stem, adjacent to the 39 end processing site (Furger et al+, 1998 )+ Here we utilize direct in vitro measurements of dissociation constants with purified components to define the affinity and specificity of the SLBP-RNA complex+
RESULTS

SLBP recognizes the 39 stem-loop of histone mRNAs with high affinity
Nitrocellulose filter-binding experiments were used to examine the energetics of the SLBP-RNA interaction+ The affinity of the full-length Xenopus SLBP1 for a 78-nt RNA derived from the 39 UTR of the mouse histone H2A gene was examined (SL-H2A, Fig+ 1B)+ This construct contained the highly conserved 26-nt stem-loop structure as well as the HDE and several nonconserved flanking nucleotides+ An apparent equilibrium dissociation constant (K d ) of 0+85 6 0+3 nM was observed, corresponding to a ⌬G of Ϫ12+3 6 0+4 kcal/mol ( Previous experiments using nuclear extract implicated several residues in the RNA as determinants for SLBP binding specificity (Williams & Marzluff, 1995) + Although these experiments link SLBP to the stem-loop RNA, the specificity could have been influenced in part by other components of the nuclear extract+ Therefore, we set out to examine the elements in the stem-loop that directly interact with SLBP+ We have used direct K d measurements with purified components to determine the energetic effects of a series of mutations in the conserved stem-loop (Fig+ 3)+ Nitrocellulose filter-binding experiments were used to measure the affinity of SLBP for each of the mutants, and a ⌬⌬G for each was calculated+ Gel-shift experiments resulted in ⌬⌬G values identical to those measured by filter binding (data not shown)+ Mutations in the stem had a dramatic effect on affinity+ No binding was observed when all of the base pairs in the stem were replaced by their Watson-Crick complement (SLRS, Fig+ 3A) , suggesting that if the interaction exists, it was too weak to be observed in the assay (K d (rel) . 200, ⌬⌬G . 3+1 kcal/mol; the limit of detection for this assay)+ To assess the contribution of individual base pairs, the stem-loop was systematically mutated and the binding affinity of each mutant was determined (Fig+ 3A)+ The first and second base pairs at the bottom of the stem are universally conserved G-C pairs+ Transversion of the G7-C20 base pair to a C-G (SL-CG2) had a .200-fold effect on the K d and a ⌬⌬G of .3+1 kcal/mol, whereas transversion of the G6-C21 pair (SL-CG1) had surprisingly little effect+ Transversion of the third base pair in the stem, C8-G19 (SL-GC3), had a moderate 5+6-fold effect on the K d and a ⌬⌬G of 1+0 kcal/mol+ These data suggest direct, strong contacts to the second and third base pairs of the stem+ Transversions of the fourth and fifth base pairs, U9-A18 and C10-G17 (SL-AU4 and SL-GC5), have only small effects on binding affinity+ Mutation of the top base pair of the stem from the highly conserved U11-A16 pair to a U-G pair (SL-UG6) resulted in a 15-fold increase of the K d and a ⌬⌬G of 1+6 kcal/mol+ This effect could be caused by loss of a direct protein contact, and/or by a change in the secondary structure at the top of the stem resulting in a change in the structure of the loop+ Together, these data suggest that there are 3 bp within the stem that are critical for protein recognition+ Next, we investigated the effect of mutations in the loop region on SLBP binding (Fig+ 3C,D)+ Previous work had implicated U12 and U14 as playing a role in SLBP recognition (Williams & Marzluff, 1995 )+ This was confirmed, as mutation of both of those uracils to A (SL-AUAC) resulted in no detectable binding to SLBP+ Possible explanations for this effect include direct contact between SLBP and one or both of the two U residues in the loop, or destabilization of the loop and top of the stem by the AUAC loop+ Alternatively, U12 and C15 could be involved in a U-C base pair critical for maintaining a correct backbone structure for SLBP recognition+ To investigate these possibilities, we created 
two other loop mutants: L-GUUA and L-GNRA (Fig+ 3C)+ L-GNRA is a well-characterized stable tetraloop+ If the loss of binding of L-AUAC were simply due to loop instability leading to the failure to form the proper 6-bp stem, binding should be restored in the L-GNRA mutant+ L-GUUA allows for the possibility of a GNRA style base pair at the 12-15 position, but retains the conserved U at position 14+ All of the loop mutants showed similar UV melting profiles to SLWT and showed similar mobilities by native gel electrophoresis (data not shown)+ No binding was detected with either the L-GNRA or the L-GUUA mutant+ We then mutated positions U12 and U14 individually+ Mutation of either U12 or U14 to adenosine (L-AUUC, L-UUAC) had dramatic effects on binding, although neither was as deleterious as mutation of both positions together+ If the effect of mutation of either U12 or U14 is the result of interfering with the overall loop backbone geometry, mutation of a single position should show the same effect as the double mutant+ Instead, these results suggest that SLBP directly recognizes both U12 and U14 in a base-specific manner, rather than requiring only the stability of the loop or overall loop geometry+ We also examined whether SLBP makes direct contact to bases in both the 59 and 39 flanking regions (Fig+ 4)+ Deletion of both entire 59 and 39 flanking regions abolished binding in our assay+ Mutation of the first three residues 39 of the stem from ACC to GGG had previously been shown to affect binding in nuclear extract, but mutation of the first two residues from AC to GA still allowed SLBP binding in extract, and the resulting complex was capable of 39 end processing (Williams & Marzluff, 1995; Furger et al+, 1998 )+ We found that binding to the SL-39GGGCA mutant was reduced (K d (rel) ϭ 6+4, ⌬⌬G ϭ 1+1 kcal/mol)+ This effect could be due to direct contacts within this region or to changes in the secondary structure, as the three guanosine residues could form base pairs with the nucleotides 59 of the stem+ To differentiate between these two possibilities, we performed a systematic deletion analysis (Fig+ 4)+ We found that deletion of 4 nt from the 39 end had virtually no effect on binding, whereas deletion of the entire 39 flanking region had a 5+5-fold effect, suggesting that position A22 is critical for protein recognition+ We performed a similar deletion analysis from the 59 end+ Deletion of the first two C residues had no effect on binding+ Deletion of position A3, however, had a moderate effect (SL-59⌬3, K d (rel) ϭ 5+4), and deletion of four residues had a large 13+7-fold effect on K d + From this, we conclude that there is likely a contact to position A3 and a critical contact to A4+ 
DISCUSSION
Replication-dependent histone mRNAs contain a 26-nt stem-loop structure at their 39 terminus+ The sequence of the stem-loop, as well as the sequence immediately flanking the stem-loop, is highly conserved among all metazoans+ SLBP is found associated with this stemloop in both the nucleus and cytoplasm of higher eukaryotes (Mowry et al+, 1989; Vasserot et al+, 1989; Pandey et al+, 1991; Hanson et al+, 1996; Martin et al+, 1997) + Mutations that disrupt formation of the SLBP-RNA complex in nuclear extract interfere with proper pre-mRNA processing, as well as mature mRNA localization and cell-cycle dependent stability (Pandey & Marzluff, 1987; Harris et al+, 1991; Sun et al+, 1992; Streit et al+, 1993; Williams et al+, 1994; Dominski et al+, 1995 )+ Here we have used direct K d measurements with purified protein and RNA components to define the affinity and specificity of the SLBP-histone mRNA interaction+ Nitrocellulose filter-binding experiments were performed to determine the affinity of SLBP for the RNA stem-loop+ This interaction was found to be quite tight, with a K d ϭ 1+5 nM, corresponding to a ⌬G of Ϫ12+0 kcal/mol+ The measured affinity was strongly affected by ionic strength, dropping off quickly with increasing concentrations of MgCl 2 or KCl (Fig+ 2)+ This suggests that electrostatics play a key role in recognition of the stem-loop by SLBP, similar to what is commonly observed for many complexes involving protein recognition of a simple DNA duplex (Misra et al+, 1994 )+ However, even at very high salt concentration (800 mM KCl), binding was still relatively tight (60 nM), suggesting that hydrophobics contribute to the interaction, perhaps through recognition of the loop or flanking nucleotides+ As observed previously in extracts, mutations in the 6-bp stem greatly reduced SLBP binding (Fig+ 3A)+ The bottom 2 bp are invariantly G-C base pairs+ Previous work had shown a large drop in binding affinity upon transversion of the bottom two G-C base pairs together (Williams & Marzluff, 1995) + We found that transversion of the bottom base pair alone had no detectable effect on binding, whereas transversion of the second base pair (G7-C20) led to a marked increase in the K d + In addition, we found that mutation of the third base pair, always a pyrimidine-purine pair, to G-C also had a strong, negative effect on binding+ Similarly, mutation of the invariant U-A pair at the top of the stem had a dramatic deleterious effect on SLBP binding+ Taken together, these data suggest multiple SLBP contacts to the RNA stem, particularly to base pairs G7-C20, C8-G19, and U11-A16 (Fig+ 5)+ Some of these effects could result from subtle changes in the helical parameters that reposition specificity determinants in the loop relative to the base of the stem or flanking regions+
The first and third positions of the loop are also highly evolutionarily conserved+ The first position is a U except in Caenorhabditis elegans, where it is a C, and the third position is invariantly a U+ Mutation of the loop from UUUC to AUAC, GUUA, or GUAA abolished binding, and single mutations of positions U12 and U14 both had dramatic effects on binding (Fig+ 3C)+ This suggests critical, sequence-specific contacts between SLBP and the first and third positions of the loop+
The 5 nt immediately 59 of the stem are highly conserved, with a consensus of C or A at positions 1 and 2, and adenosines at positions 3, 4, and 5+ We have found that the first two positions can be deleted with no effect on SLBP binding (Fig+ 4)+ They may be conserved as C or A simply to prevent them from forming deleterious base pairs with the conserved C and A residues 39 of the stem+ However, deletion of position 3 had a moderate effect and deletion of position 4 had a strong effect on SLBP recognition+ This suggests that SLBP makes critical contacts at positions 3 and 4+ Alternatively, adenosine residues in general, and multiple adenosine residues in particular, are often found to make tertiary RNA-RNA contacts (Pley et al+, 1994; Cate et al+, 1996; Costa & Michel, 1997; Strobel et al+, 1998) , leading to the possibility of a strained base-triple or pseudoknot structure involving A3 or A4+ However, divalent cations are often required for these interactions, whereas here the specificity of the interaction was maintained in the absence of Mg 2ϩ and the presence of EDTA, and SLBP binding in fact was reduced by the presence of MgCl 2 + This makes the possibility of a more complex structure unlikely+ Similarly, the ACCCA sequence 39 of the stem is also highly conserved+ The major position of cleavage by the U7 snRNP is immediately 39 of A26, and efficiency of this cleavage is dependent on SLBP (Streit et al+, 1993; Dominski et al+, 1995) + These considerations suggested that SLBP may contact the 39 flanking region FIGURE 5. A comparison of the consensus sequence of the histone mRNA 39 stem-loop with the specificity determinants for SLBP recognition+ Shown in gray boxes are nucleotides that show a deleterious effect on SLBP affinity when mutated or deleted+ and orient it for cleavage by the U7 snRNP+ We found, however, that much of the 39 flanking region could be deleted without a large effect on the affinity of the SLBP-RNA interaction (Fig+ 4)+ Deletion of four of the residues had only a slight effect, and deletion of the entire 39 flanking region increased the K d 5+5-fold+ This suggests that SLBP is not making extensive contacts to most of this region, but rather is only interacting with the first A residue 39 of the stem+ Alternatively, the presence of a 39 overhanging adenosine has been shown to contribute approximately 1 kcal/mol to the stability of short oligonucleotide duplexes (Freier et al+, 1986 )+ It is possible, therefore, that A22 simply serves to stabilize the stem and is not contacting SLBP+ These data suggest that SLBP may enhance 39-end processing by direct or indirect recruitment of the U7 snRNP to the cleavage site as has been previously proposed (Dominski et al+, 1999) , rather than by directly ordering the RNA structure at the cleavage site+ The sequence conservation of the 39 flanking region (and possibly the bottom G-C pair of the stem) may be necessary for the binding of other components of the 39-end processing machinery+ SLBP has no homology with any other proteins thus far discovered+ It contains a relatively small, approximately 73 amino acid, RNA-binding domain predicted to contain three a-helices (Wang et al+, 1996; Martin et al+, 2000) + Previously characterized RNA-binding domains (Draper, 1999) recognize either the loop in a sequence-specific manner, as with U1A (Oubridge et al+, 1994) , or the loop and end of a stem by relying on noncanonical base pairs or bulges to insert helices into the major groove, as in the bacteriophage lambda N peptide (Legault et al+, 1998 )+ Others recognize WatsonCrick A-form RNA helices in a predominantly sequenceindependent manner (Ryter & Schultz, 1998) 
MATERIALS AND METHODS
Preparation of SLBP
Recombinant baculoviruses for the human SLBP as well as the Xenopus SLBP1 were obtained from Bill Marzluff at the University of North Carolina+ SF9 insect cells were grown in suspension culture to a density of 10 6 cells/mL in Grace's insect medium supplemented with 10% fetal bovine serum+ The cells were infected with recombinant baculoviruses at a multiplicity of infection (MOI) ϭ 10, and the infection was allowed to proceed for 5 days+ Cells were pelleted and lysed in a buffer containing 25 mM Tris-HCl, pH 8+0, 300 mM KCl, 0+01% Nonidet P-40, and 0+1 mM PMSF+ The clarified lysate was bound on a column packed with Ni-NTA resin and eluted in 25 mM Tris-HCl, pH 8+0, 300 mM KCl, and 300 mM imidazole+ The protein was then dialyzed overnight into 25 mM HEPES, pH 7+5, 50 mM KCl, 1 mM DTT, and 0+5 mM EDTA and then passed over a Mono-S column+ After elution with a gradient of KCl, the protein was dialyzed into a storage buffer with 25 mM Tris-HCl, pH 7+5, 50 mM KCl, 1 mM DTT, 0+5 mM EDTA, and 20% glycerol and stored at Ϫ80 8C+ Preparation of RNA constructs pUC19 plasmids were constructed containing the SLWT sequence flanked on the 59 end by a T7 RNA polymerase promoter and a hairpin ribozyme, and on the 39 end by the recognition sequence for the VS ribozyme+ After linearization with the BsaI restriction enzyme, run-off transcription with T7 RNA polymerase in the presence of VS ribozyme yielded the 26-nt RNA constructs (Ferre-D'Amare & Doudna, 1996)+ pUC19 plasmids containing the SL-H2A, SLWT, GGG, UG, and RS sequences were constructed and linearized with BsaI+ Run-off transcription with T7 RNA polymerase yielded the 78-or 26-nt constructs preceded by two extra guanosine residues+ All remaining RNA constructs as well as additional SLWT RNA were synthesized by Dharmacon Research Inc+ (Boulder, Colorado)+ The RNAs were then deprotected as per manufacturer's specifications and 59 labeled directly+ There were no differences in activity between SLWT RNAs prepared by any of the three methods+
Nitrocellulose filter-binding experiments
Binding constants were determined by a nitrocellulose filterbinding experiment (Pata et al+, 1995) + 59 end-labeled RNA at a concentration ,50 pM was incubated with increasing amounts of protein in 50 mL of 1ϫ binding buffer (25 mM Tris-HCl, pH 7+5, 50 mM KCl, 0+5 mM EDTA, 1 mM DTT, 0+01% Nonidet P-40, 1 mg/mL tRNA) for 1 h at 25 8C+ Binding was found to be independent of tRNA concentration, but strongly dependent on salt concentration+ The mixture was passed first over a 0+45 mm filter, then a nitrocellulose filter, and finally a Hybond-Nϩ positively charged filter+ The filters were then washed with 100 mL of wash buffer (25 mM TrisHCl, pH 7+5, 100 mM KCl) and then allowed to air dry for 30 min+ Retention of the SLBP-SLWT complex on the nitrocellulose was independent of washing the filter with buffer+ In fact, it was found that the filter could be soaked in aqueous buffer for several hours without releasing SLWT, suggesting a very slow off rate for the complex+ The filters were imaged using a Molecular Dynamics phosphorimager and the program ImageQuaNT+ The resulting data were analyzed using Microsoft Excel and Kaleidagraph+ Background intensities (,10% of the total intensity of each spot) were subtracted from the intensities of all spots+ The fraction bound was then calculated to be the intensity of the spot on the nitrocellulose filter divided by the sum of the spots on the nitrocellulose and Hybond-Nϩ filters+ A least squares fit for a single binding site was obtained using the equation
where a is the maximum fraction bound at saturating SLBP, b is the amount theoretically bound in the absence of SLBP, P is the active SLBP concentration, and K d is the apparent equilibrium dissociation constant+ All K d and ⌬⌬G values re-ported are the average values from at least three independent experiments+
SLBP activity assay
Each preparation of SLBP was assayed for activity using a stoichiometry assay+ Nitrocellulose filter-binding experiments were carried out as described above, except that the 59-endlabeled SLWT RNA was supplemented with cold SLWT RNA to a final concentration in the reaction of 640 nM+ The data were fit to the equation
where a is the maximum fraction bound at saturating SLBP, b is the amount theoretically bound in the absence of SLBP, K d is the apparent dissociation constant, P is protein concentration, and R t is the concentration of SLBP giving a 1:1 complex with the SLWT+ Protein activity was adjusted to fit the 1:1 stoichiometry+
